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An ab initio simulation of strong-field photodissociation of diatomic molecules was developed, inspired by recent
dissociation experiments of F−2 . The transition between electronic states was modeled, including the laser pulse and
transition dipole, and the angle between them. The initial conditions of the system were set to be thermal and to include
different rovibrational states. Carefully designed absorbing boundary conditions were applied to describe the boundary
conditions of the experiment. We studied the influence of field intensity on the direction of the outcoming fragments
and laboratory-fixed axis, defined by the field polarization. At high intensities, the angular distribution became more
peaked with a marginal influence on kinetic energy release.
PACS numbers: 33.80.-b, 33.20.Wr, 33.80.Gj
I. INTRODUCTION
High-intensity time-domain spectroscopy can be modeled
by explicitly solving the time-dependent Schrödinger equa-
tion, for which knowledge of the full Hamiltonian of the pro-
cess is essential. Employing the Born–Oppenheimer approx-
imation, the Hamiltonian is separated into electronic and nu-
clear terms1. The nuclear degrees of freedom are represented
by vibrational and rotational terms. Coupling the external
electromagnetic field and the transition dipole moment, in-
duces transitions between electronic states. Each electronic
transition is accompanied by an angular momentum change
of one unit of h¯.
In this paper, we study strong-field spectroscopy of di-
atomic molecules2. The most studied molecule of these
molecules is the diatomic anion I−2 , which has been subjected
to ultrafast photoelectron spectroscopy. Models describing its
photoelectron distribution have been constructed under differ-
ent approximations3. It is quite customary to neglect the ro-
tational dependency of I−2 , due to iodine’s significantly heavy
nuclei and slow dynamics within the f sec pulse time scales.
A semi-analytical theory of photodissociation processes
was first developed by Zare4, and then further discussed and
extended5,6. The semi-analytical assumptions include only
one photon transitions. Hence, the results were suited to low-
intensity radiation, where only single-photon processes are
considered to lead to the dissociation of the molecule.
An extended theoretical treatment was developed by
Ben-Itzhak, with Esry’s collaboration, employing ab ini-
tio simulations to interpret the experimental results of H+2
a)Electronic mail: bar.ezra@mail.huji.ac.il
b)Electronic mail: shimshonkallush@braude.ac.il
c)https://scholars.huji.ac.il/ronniekosloff; Electronic mail: ron-
nie@fh.huji.ac.il
photodissociation7–9. Initially, they considered only elec-
tronic and vibrational modes, assuming that the influence of
the nuclear rotational states was negligible7. This assumption
was revisited by Anis and Esry in a later study8, where they
concluded that the rotational states are essential. Note, that
the initial state was set as the ground rovibrational state, prac-
tically setting the temperature to zero, an assumption that is
justified for such species at low temperatures. Furthermore,
they employed the Floquet dressed-states picture which is ap-
propriate when the laser field is characterized by a single fre-
quency. The general issue of diatomic dissociation is currently
active applying different approximations10–13.
In this paper, we had two main goals: first, to acquire a
more fundamental comprehensive understanding of the high-
field dissociation process on a quantum scale; and second, to
simulate the angular distribution of the photo-fragments re-
sulting from this process. The current simulation uses the
physical parameters of F−2 . The motivation to use the F
−
2
molecule as a benchmark follows from a recent experimental
study by Strasser et al.14,15. Furthermore, its electronic struc-
ture is rather simple: there are only four low-lying states be-
fore reaching the detachment continuum. The photoelectron
detachment channel is thus ignored, due to the 10eV energy
gap to the closest ionic state.
We present a first principle model, which includes a nu-
merically exact solution of the time-dependent Schrödinger
equation. All of the nuclear rotational and vibrational states,
and the couplings between them, are included. We simulate
a finite temperature ensemble, and therefore the initial state is
thermal. The option of the Floquet dressed picture is not em-
ployed of the reason that it is limited to relative long pules.
The angular distribution of the fragments, as well as other
observables, are extracted directly from the obtained wave-
function. We used the freedom of setting the model to ex-
plore fundamental processes and simplify the F−2 system into
a two-electronic-state system, presented in Fig.1. The consid-
ered model simplifies the full physical model, to enable clear
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FIG. 1. Ground and excited electronic state potentials used in the
calculation. The ground state, blue, is chosen as Σ symmetry. The
excite state, red, is chosen as either Σ orΠ. These potentials represent
the computed σu and σg state taken from16
and informative bench-marking before going down the rabbit
hole of simulating a full-dissociation process.
II. MODEL
We consider a model of a diatomic molecule in the gas
phase (See Fig. 2). The quantum dynamics takes place on n
electronic states and three ro-vibrational internal nuclear de-
grees of freedom. The spin was assumed to be zero, and thus
does not contribute to the system complexity.
The Hamiltonian of the system contains the nuclear Hamil-
tonian of all of the electronic states, and coupling elements
between the states due to the transition dipole moment. The
Hamiltonian in a Born–Oppenheimer expansion1 of electronic
and nuclear coordinates becomes:
Hˆsys =∑
n
(
Hˆn⊗|n〉〈n|+∑
k 6=n
µn,k ·ε⊗|n〉〈k|
)
(1)
where Hˆn is the nuclear Hamiltonian operator of the electronic
state n, µn,k is the transition dipole operator between the states
n and k, and ε(t) represents the laser field. Note that both ε
andµ are vectors, and the scalar product between them results
in different transition schemes, which depend on the involved
states’ symmetries and the field polarization. In cases where
the transition between the states is forbidden, the dipole ele-
ment vanishes. Non-adiabatic coupling can be added to the
equation 1.
The nuclear Hamiltonian of each electronic state can be
written as
Hn =
Pˆr
2mr
+Vn (r)+ Hˆrot (r) (2)
where r is the internuclear distance, Pˆr is the corresponding
momentum, mr is the nuclear reduced mass, Vn (r) is the elec-
tronic potential of the state n, and Hˆrot is the rotational Hamil-
tonian. The molecular and linearly polarized laser field axes
define the internuclear axis, zˆ, and the laboratory axis, Zˆ, re-
spectively.
FIG. 2. Hund’s case (a). The angular momentum components on a
diatomic framework. The inter-molecule axis are marked as z and
the polarization of the field axis as Z. The angle between the two
axis defined as θ . Figure 3 presents the full coordinates basis, both
inter-nuclear and lab, with all related Euler angles.
The rotational Hamiltonian is
Hˆrot (r) = B(r)Rˆ2 (3)
where B(r) is related to the moment of inertia, B = 12µr2 =
1
2I
and Rˆ is the nuclear rotational angular momentum operator,
equal to Rˆ= Jˆ−Lˆ− Sˆ; Jˆ is the total angular momentum of
the molecule, Lˆ is the electronic orbital angular momentum,
and Sˆ is the electronic spin angular momentum.
In Hund’s case (a)17 – the most common case and the one
used here, Lˆ and Sˆ are coupled to the internuclear axis, zˆ, and
the projections on it are Λ and Σ, respectively. The projection
of Jˆ on the laboratory axis, Zˆ, is m and on the internuclear
axis, Ω= Λ+Σ.
A. Basis set representation
The state of the molecule is described by a nuclear and an
electronic state. In the present work, we concentrate on cases
in which all electrons are paired, and therefore the spin quan-
tum number is Sˆ = 0. In this situation, the projection of the
electronic orbital angular momentum on the internuclear axis
is similar to the total projection, Λ=Ω.
The internuclear degree of freedom of the molecule is de-
scribed by r, the distance between the atoms. The orientation
is defined by the angles θ and φ (see Fig.3), expanded in terms
of the Wigner rotation matrix, D jm,Ω (φ ,θ). At Ω= 0, the ma-
trices are equal to spherical harmonics functions, Yj,m (φ ,θ).
In this basis set each state is described by different r, j,m and
Ω values. The molecular state at time t can be written by the
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FIG. 3. Euler angles relating the space fixed XY Z and molecule-fixed
xyz, for linear molecules the angle χ is equal to zero.
density matrix:
ρ
(
r,r′,θ ,θ ′,φ ,φ ′,n,n′; t
)
=
∑
ζ ,ζ ′
|n〉〈n′|⊗aζ ,ζ ′
(
r,r′; t
)⊗|ζ 〉〈ζ ′| (4)
where |ζ 〉 is the wavefunction with the quantum numbers
| j,m,Ω〉, expanded by the D jm,Ω matrices.
B. Coupling elements
The coupling elements are calculated by vector multiplica-
tion between the laser field ε(t) and the transition dipole be-
tween the electronic states, µ. The transition dipole elements
depend on the symmetry, Σ or Π, and the parity, Gerade or
Ungerade, of the states.
For a linearly polarized field, the rotational coupling ele-
ments are given by:
〈ζ ′|µ0qε0 |ζ 〉 ∝∫
D j
′ ∗
m′Ω′ (θ ,φ ,0) D
1
0q (θ ,φ ,0) D
j
mΩ (θ ,φ ,0) dΩ=
= 8pi
(
j 1 j′
−m 0 m′
)(
j 1 j′
−Ω q Ω′
)
(5)
where µ0q is the transition dipole moment proportional to
D10q (θ ,φ ,0)
18. The value of q is determined for a given tran-
sition case and is equal to q =Ω−Ω′.
The first term is the initial state D j
′
m′,Ω′ (θ ,φ), the second
term is the coupling operator of the transition D10q (θ ,φ), and
the third term is the final state D jm,Ω (θ ,φ). The coupling com-
ponents are calculated by the given 3− j symbols.
We will consider two transition cases:
• Transition between two Σ electronic surfaces: in this
case, q = 0−0 = 0 hence the coupling D matrix is D100.
Note that the transition between two Π electronic sur-
faces gives the same coupling elements, q = 1−1 = 0.
FIG. 4. The two transition cases - semi-classical illustration. Upper
panel: transition between two Σ electronic surfaces. Starting at a
bound electronic surface, Σg, the laser excites to the un-bounding
electronic surface, Σu, then the molecule dissociated. The fragments
are obtained in the direction of the propagation of the light. Lower
panel: Transition between Σ and Π electronic surface. Starting at
a bound electronic surface, Σg, the laser excites to the un-bounding
electronic surface, Πu, then the molecule dissociated. The fragments
are obtained in the perpendicular direction to the propagation of the
light.
• Transition between Σ and Π electronic surfaces: in this
case, q = 1−0 = 1, hence the second D matrix is D10±1.
For the two cases:
µ ·ε ∝
{
µεD100 (θ ,φ) ∝ cos(θ) Σ−Σ
µεD10±1 (θ ,φ) ∝ sin(θ) Σ−Π
(6)
In all the calculations, we assumed that µ is independent in
the internuclear distance r.
Additional insight into these results can be obtained by de-
composing the transition dipole into a component in the in-
ternuclear direction µ|| and a component in the perpendicular
direction µ⊥. The scalar product between the transition dipole
and the field becomes:
µ · ε = ε (µ|| cosθ +µ⊥ sinθ) (7)
Therefore, the transition dipole is parallel in the first case
and in the second case to the internuclear direction. An illus-
tration of the two coupling cases is presented in Fig.4.
The transition between the electronic states changes the to-
tal angular momentum state. For linearly polarized light, the
projection of the laboratory axis m on the Z spatial axis is con-
served. The quantum number Ω can change with the change
in value of q, depending on the transition case. The quantum
number j changes by one unit of angular momentum h¯ or re-
mains the same (Q branch at the Σ−Π transition) .
C. Initial state
The model is constructed to mimic a hypothetical experi-
ment: a molecular beam with a fixed temperature is subjected
to a pulsed laser source. The ensemble’s temperature was
taken to correspond to the initial state of F−2 at 20K. At this
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temperature, the electronic and vibrational degrees of freedom
are in their ground state. The initial state can be written as fol-
lows:
ρ (t = 0) = ρelectronic ⊗ ρrovibration (8)
where ρelectronic =
∣∣ψe0〉〈ψe0∣∣. The vibrational projection is
conditioned on the rotational quantum number j, ρrovibration =
P0, j(r) =
∣∣Φn=0, ji (r)〉〈Φn=0, ji (r)∣∣. The vibrational ground
state for each value of j is obtained by imaginary time
propagation19, independently for each j. Note that the vi-
brational wavefunction can be different for different quantum
numbers.
The initial rovibration state is a Boltzmann distribution of
several rotational components.
ρrovibration =
1
Z∑ζi
(2 ji +1)exp(−βE ji)P0, j(r) |ζi〉〈ζi|
=∑
ζi
ξ ( ji)P0, j(r) |ζi〉〈ζi| (9)
where ξ ( ji) is the normalized probability for state ji with the
partition function Z =∑l (2l +1)exp(−β (El)). E ( ji) are the
rotational energy eigenvalues, Hˆrot
∣∣ψζi〉 = E ( ji) ∣∣ψζi〉, that
depend only on the total angular momentum j as explained
above. The index i describes the initial quantum numbers of
the state and will be used in this notation from this point on.
The total initial state is:
ρ
(
r,r,θ ,θ ′,φ ,φ ′,n,n′; t = 0
)
=
∑
ζi
ξ ( ji)aζi,0,ζi,0 (t = 0) · |0〉〈0|⊗
P0, j(r)⊗|ζi〉〈ζi| (10)
D. Propagation in time
The dynamics of the state is carried by a first principle ap-
proach. The evaluation of the state is described by a unitary
transformation:
ρ (t) = Uˆ (t) ρˆ (t = 0)Uˆ† (t) (11)
where Uˆ (t) is the propagator which is generated by the time-
dependent Schrödinger equation:
ih¯
d
dt
Uˆ (t) = Hˆ(t)Uˆ (t) (12)
and the Hamiltonian is the generator. The density operator,
ρ(t), provides all observable data. For example, the observ-
able result that corresponding to the operator Aˆ, will be calcu-
lated as follows:〈
Aˆ
〉
t = tr
(
Aˆρ (t)
)
= tr
(
AˆUˆ (t)ρ (t = 0)Uˆ† (t)
)
(13)
Under common molecular beam conditions, typical inco-
herent processes such as collisions or spontaneous decay take
place on the time scales of t ≥ 1nsec. The dissociation pro-
cess is completed by ∼ 100 f sec. We can therefore assume
that the dynamics is fully coherent. The expectation values
can be evaluated by using the basis where the initial density
operator is diagonalized |ψ˜n,ν ,i〉= |ψen〉⊗ |ψνν 〉⊗ |ζi〉, giving:〈
Aˆ
〉
t =
∑
n,ν ,i
〈
Uˆ† (t) ψ˜n,ν ,i (t = 0)
∣∣ Aˆ ∣∣Uˆ (t) ψ˜n,ν ,i (t = 0)〉 (14)
Equation 14 can be decomposed into the expectation values of
the individual components. Each component requires the so-
lution of the time-dependent Schrödinger equation for a wave-
function: i ddtψ = Hˆ(t)ψ , which is then computed by employ-
ing short time steps and solving for each step by the Cheby-
shev approximation20–22 assuming that Hˆ(t) is piecewise con-
stant. The basic evaluation of Hˆφ for Eq. 1 is carried out using
the Fourier grid method for the internuclear coordinate r23,24
and angular momentum algebra for the rotation. Details of the
parameters are given in Table I.
The propagation is therefore decomposed into independent
wavefunctions. The initial state for a wavefunction represen-
tation becomes:
|Ψi (r,θ ,φ ; t)〉=
√
ξ ( ji)∑
n,ζ
√
aζ ,n,ζ ,n (t)
|Φn,ζ (r; t)〉⊗ |n〉⊗ |ζ 〉 (15)
E. Absorbing boundary condition
In a typical photodissociation experiment, the fragments
are detected far from the dissociation point. At the detec-
tion point, the particles are characterized by their momentum,
which is detected by velocity map imaging15,25. Comparable
information can be calculated by the asymptotic momentum,
amplitude, and direction, at far internuclear distance. We can
employ the fact that the position information is not detected
and restrict the computation grid in r up to the region where
the potential becomes flat. To extract the direction, the phase
information must be conserved, since the wavefunction is en-
coded in angular momentum components and not in direction.
To achieve these goals, we constructed an auxiliary grid in
r for each wavefunction component. This grid is flat with po-
tential energy matching the asymptotic potential of the pri-
mary grid. The two grids overlap in the asymptotic flat part
of the primary grid. At constant time intervals τ , a portion
of the asymptotic part of the wavefunction is moved to the
auxiliary grid. This is achieved by a smooth transfer func-
tion which eliminates spurious reflections. This decompo-
sition is possible due to the linearity of the wavefunction
Ψ = Ψprimary +Ψaux. Both wavefunctions are propagated si-
multaneously. The auxiliary wavefunction is stored in mo-
mentum space where the time propagation is just a phase shift
by Uˆ(t) = exp(− ih¯ Pˆ
2
2m t).
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TABLE I. Model parameteres
parameter value
µ-reduce mass of F−2 9.5amu
Bond length 6.8Angstrom
Rotational Constant 8.88cm−1
∆r 0.0464bohr
∆t 5 ·10−2 f sec
Pulse width 30 f sec
Central wavelength 320−390nm
Intensity 1011−1016 Wcm2
Electronic potentials private communication
Temperature 20K
At the end of the propagation, all of the dissociated portion
of the wavefunction is stored in the auxiliary grid:
Ψi
(
r,θ ,φ ; t = t f inal
)
=∑
nτ
∑
η ,ζ
|η〉biζ ,η (r;nτ) |ζ 〉 (16)
where nτ is the time index for the wavefunctions that are trans-
ferred at different times, η denotes the auxiliary surface (cor-
responding to the coupled surface n), and we composed the
coefficients and the dependency of r. More information de-
scribe at the appendix section V A.
All of the observables are calculated based on Eq.14, which
can be decomposed to individual wavefunction propagations,
leading to the final state, Eq.16. The thermal average observ-
ables are obtained by summation over the individual thermal
components calculated for different initial states.
〈A〉=∑
i
〈A〉i (17)
When more than one excited state potential is included, each
channel is calculated separately.
The next sections contain the results of several calculations,
for description for each observable see appendix section V B.
The model was set with the parameters from Table I.
III. THEORETICAL ANALYSIS OF EXPERIMENTAL
OBSERVABLES
The model is designed to provide a full description of a
photodissociation experiment in a strong laser field. The sys-
tem is initiated in a thermal state. The initial state resides on
the ground bounded electronic and vibronic states with a ther-
mal distribution of rotational states. The external pulse field
couples the rotational states in the ground electronic to rota-
tional states in the excited un-bounded electronic states. We
systematically increased the radiation intensity to gain insight
on strong field effects.
In all calculations, the ground electronic state was set as the
singlet Σ bound electronic surface. The excited electronic sur-
face was set to either Σ singlet or Π singlet with the same po-
tential form. In all simulations, the electromagnetic-radiation
was chosen to be a transform limited Gaussian pulse with a
width of 30 f s. Wavelengths and intensities were varied.
FIG. 5. Angular distribution of the outgoing momentum shown as a
density plot. The results are for fragments emitted from the transi-
tion between two Σ electronic surfaces with low intensity, I = 1010.
The distribution is proportional to cos2 θ which indicate one photon
process.
A. Σ excited electronic surface
We first examine the dissolution outcome of radiation cou-
pling two Σ electronic surfaces. Figure 5 presents the angu-
lar distribution of the fragments’ momentum in the parallel
and perpendicular directions. For the weak field one-photon
transition in a parallel excitation, the resulting distribution re-
sides mainly in the parallel direction, and is proportional to
cos2 (θ), as expected.
Figure 6 presents the dissociation probability as a function
of wavelength. Neglecting spontaneous emission, the disso-
ciation probability is equal to the excited state population.
The excited state population is also proportional to the absorp-
tion energy26,27 h¯ω∆N = ∆E. By fitting the action spectrum
(dashed line), we conclude that the peak of the transition is at
346nm.
The coupling between the ground state and the excited state
depends on the laser wavelength, which determines the Con-
don point. The Condon point is defined as the radius in which
the two coupled potentials cross for a given vertical resonance
energy. The vertical resonance energy value is the Condon
energy. The inset in Fig.6 displays the correlation between
the fragments’ average kinetic energy at different wavelengths
and the corresponding Condon energy.
Nonlinear multi-photon processes develop when the laser
intensity is increased. To explore these processes, we carried
out a series of calculations with increasing pulse intensity.
The simulations were conducted with the same wavelength,
close to the peak of absorption.
Figure 7 presents the dissociation probability as a func-
Dissociation in a strong field: a quantum analysis of the relations between angular momentum and angular distribution of fragments. 6
FIG. 6. Action spectrum represent the dissociation probability as
function of wavelength for Σ− Σ, blue data, and Σ−Π, red data,
electronic transfer. The action spectrum calculated with high inten-
sity in the one photon transition range,1 · 1011 [W/cm2]. The inset:
Average kinetic energy of the photo-fragments, 〈Te〉, as a function of
Condon energy. The Condon energy is defined as the vertical energy
minus the dissociation energy.
FIG. 7. Dissociation probability as a function of laser intensity for
Σ−Σ and Σ−Π transition in blue and in red respectively. The in-
tensity and the dissociation probability are presented in logarithmic
scale. Inset: the linear range, linear fit to the data at black line.
tion of laser intensity. The figure includes results of Σ and
Π excited electronic states (see forward). For the case of
an Σ excited electronic state, the dissociation probability in-
creases with the laser intensity and saturates. The inset in
Fig.7 presents the dissociation probability for low field inten-
sity. As expected, the dissociation probability is linear with
the intensity, fitted in the inset by a black line. Note that a
log–log scale was used for the main frame, while a linear one
was used for the inset.
The number of photons involved in the process reshapes
the angular distribution. Each photon transition multiplies the
distribution by cos2 (θ). Therefore, for example at the three-
photon transition, excitation–emission–excitation, the angular
distribution becomes proportional to cos6 (θ). Considering
the DC component of the distribution, the outcome distribu-
tion form three-photon transition has a component of cos4 (θ).
The full angular distribution can be written as a series of
FIG. 8. The same as Fig 5 with higher intensity, I = 1016 Wcm2 . The
distribution is proportional to sum of cosn θ with n larger than 2.
Legendre polynomials PN (cos(θ)), each one caused by dif-
ferent number of photons transition. The series is forgathered
at the highest photon transition of the process. Therefore, fit-
ting the angular distribution to a polynomial series indicates
the highest multi-photons transition in the process.
p(θ ;P) = ∑
N=2,4,6..
αN (P)PN (cos(θ)) (18)
An example of angular distribution at high intensity is pre-
sented in Fig.8. Here, the stronger coupling with the field
leads to a concentration of the probability in the parallel di-
rection. This observation fits the classical intuition: when
modulation in a particular direction, the dissociation becomes
selective in this direction.
The difference between the angular distribution at different
intensities can be examined by fitting the distribution at the
most probable momentum, Pmp(θ). Figure 9 presents the co-
efficients of N = 2 to N = 10 for the Σ excited electronic state
as a function of laser intensity. The fitting was done using a
Fourier transform to expand the angular distribution to 2pi .
Increasing the intensity has a small effect on the kinetic en-
ergy of the fragments. Figure 10 presents the mean value and
the variance of the kinetic energy release (KER) for different
laser intensities. The KER, for the transition between two Σ
states (solid blue line), initially decreases with the intensity.
This could be a result of the photon-locking process. At very
high intensity, we observe an increase in the KER accompa-
nied by a narrow distribution. The order of change in the KER
is from low intensity to 1 ·1015 [W/cm2] is ∼ 0.1%.
It is essential to note that the extremely high intensities
shown are beyond the validity of the Born–Oppenheimer
model employed.
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FIG. 9. The coefficients of fitting the angular distribution into a poly-
nomial function as function of the intensity and the fitting order.
The fitting is done to polynomial function of Legendre polynomi-
als PN (cos(θ)). The first expansion coefficient α2 is divided by 3
to make the comparison more visible. Note, the coefficients display
after cube root for convenience only.
FIG. 10. The average kinetic energy release, solid line, and its vari-
ance distribution, dashed line. The figure separate to two Y axis, left
for the average kinetic energy and the right for the variance distribu-
tion. The figure include data of Σ−Σ transition, in blue, and of Σ−Π
transition, in red.
B. Π excited electronic surface
The quantum number Ω changes during the Σ→ Π transi-
tions. As explained in the previous section, at the Σ electronic
surface Ω = 0, whereas at the Π electronic surface, Ω = ±1.
Since each excited state level is now doubly degenerate, and
the Qbranch is allowed, each rotational state in the ground
electronic surface is coupled to six states in the excited sur-
face. In this case, the angular distribution of the fragments is
expected to be proportional to sin2 (θ) for one-photon transi-
tions.
Figure 11 presents the angular distribution of the fragments.
A comparison to Fig.5 reveals that the center of the momen-
tum distribution, and thus the average kinetic energy, is similar
for the two symmetries.
The dissociation probability is influenced by the change of
in the excited electronic surface to Π. The dissociation prob-
ability as a function of the intensity is presented in Fig.7. The
slope at low intensities, the inset in Fig.7, is larger compared
FIG. 11. Same as Fig 5 for the transition between ground Σ electronic
surface end excited Π electronic surface.
FIG. 12. The same as Fig 11 with higher intensity, I = 1016 Wcm2 . The
distribution proportional to sum of sinn θ with n larger than 2.
to the previous case of on Σ electronic surface. The reason
is the larger number of excited states that are coupled to each
ground state. Furthermore, this change impacts the saturation
intensity of the dissociation probability.
In the Σ−Π transition, each absorbed photon multiplies
the distribution by sin2 (θ). This can be compared to the
Σ− Σ case where each absorbed photon multiplies the dis-
tribution by cos2 (θ). It is customary to fit the angular dis-
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FIG. 13. The same as Fig 9 at Π excited electronic state. The fitting
done to PN (sin(θ)). The coefficients present as function of the in-
tensity and the fitting order. Note, the coefficients display after cube
root for convenience only.
tribution to I(θ) = 1 + βP2(cos(θ)). For single-photon ex-
citation, this is also the appropriate form for Σ→ Π transi-
tion. For multi-photon transition this form cannot fit the re-
sults. Therefore, the angular distribution was fitted to a poly-
nomial series in PN (sin(θ)), which for even N can be writ-
ten also as 1−PN (cos(θ)). Figure 12 presents the results
for coupling between the Σ and Π electronic states with high-
intensity laser.
p(θ ;P) = ∑
N=2,4,6..
αN (P)PN (sin(θ)) (19)
Figure 13 presents the coefficients of N = 2 to N = 10 for
the Π excited electronic state as a function of the laser inten-
sity and the fitting order. By comparing this result to those of
the Σ excited state, Fig.9, we conclude that the multi-photon
transition is achieved at a higher intensity for the Π excited
state. This difference is a result of the larger effective Hilbert
space for the Π excited state.
The KER observations for the transition between Σ and Π
states are presented in Fig.10 (dashed blue line). The KER
shows non monotonic variations compered to the smooth de-
pendence on intensity for the two Σ states. In addition, the
overall variation is larger, ∼ 0.6% but still quite small. This
behavior could be a result of interference between the excita-
tion pathways in a strong field.
IV. DISCUSSION AND CONCLUSION
The presented model for the photo-dissociation process is
based on the exact solution of the time-dependent Schrödinger
equation. Our survey of existing models of photodissociation
showed that they almost always employ very limiting simpli-
fying assumptions. In this paper, we present a new model
that aims to describe various significant systems, comparing
different electronic state symmetries. The model contains a
description of the nuclear rotational motion, and the coupling
elements between rotational states.
Using this model, we presented the dissociation outcome
for two processes, the transition between the Σ singlet elec-
tronic state to the Σ or Π singlet electronic state. For each
case, we simulated the momentum distribution. For weak-
field one-photon transitions, we observed a momentum dis-
tribution proportional to cos2 (θ) for the Σ−Σ transition and
sin2 (θ) for the Π−Σ transition. This is in accordance with
previous models4,6,9 based on perturbation theory.
Our new model simulate high-laser-intensity processes that
lead to multi-photon transitions. We showed that the main ef-
fect of increasing the number of photons involved in the pro-
cess reshapes the angular distribution. For parallel transitions,
the angular distribution becomes sharper, indicating a more
aligned distribution. In addition, the average KER and its dis-
tribution are only weakly dependent on the laser intensity.
In conclusion, we constructed a new model that can de-
scribe a wide range of processes. We advocate the view
that the key to understanding a complex dynamical system
is to rely on experience gained from small and simple mod-
els. Therefore, the results here are presented for two transition
cases, between two Σ states and between Σ and Π states. Con-
sistent with prior knowledge, the main difference between the
two cases is the angular distribution symmetry. Furthermore,
our new model shows that the threshold on the intensity were
multi photon transition are occur is lower in the Σ excited state
then in the Π case.
Our model opens the way to exploring the dissociation pro-
cess of systems with high complexity. For simplicity, the cur-
rent model introduces singlets as its electronic states. In fu-
ture studies, we will describe the system using doublet states,
which are more suitable to the F−2 case. Moreover, spin ef-
fects should be taken into account, such as spin–orbit interac-
tions. One might also notice that the model takes advantage of
a lower temperature to reduce the size of the required Hilbert
space. Higher temperature enlarges the number of potentially
populated rotational states, resulting in a larger Hilbert space.
Such a simulation will require modified methods such of the
use of random phase wavefunction28. Furthermore, using co-
herent control can lead to new and fundamental results12.
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V. APPENDIX
A. Absorbing boundary conditions - Appendix
To minimize computation effort the computation grid has
to be cut at a predetermined radius. Since we want to analyze
the outgoing asymptotic data, we cannot use the common op-
tion of absorbing the wavefunction at the end of the grid29,30.
As an alternative we employ an auxiliary grid which overlaps
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FIG. 14. Left axis: Final average kinetic energy calculated for dif-
ferent final states as a function of the starting position of the transfer
window. Right axis: Represents the transfer operator between the
grid n to the respectively auxiliary grid.
the primary grid which we term transition window. The po-
sition of this window is optimized to minimize the primary
grid without damaging the momentum distribution. The av-
erage kinetic energy is then calculated for different window
radius points. Figure 14 presents the average kinetic energy
as a function of the window’s starting radius. The propaga-
tion of the state at the auxiliary surface is a free propagation;
hence the momentum distribution will not change with time
for large r. Therefore, the part that absorbs at each time can
be restored independently.
The total dynamical calculation was stopped when at least
99% of the excited state population moved to the auxiliary
surface.
B. Theoretical analysis - observables
For each excited electronic surface we calculated the disso-
ciation probability on the corresponding virtual surface η .
The accumulated probability for initial state i
Pi,η =〈
Ψi,η
(
r,θ ,φ ; t = t f inal
) |Ψi,η (r,θ ,φ ; t = t f inal)〉=
=
∫ ∞
0
dr ∑
m,Ω,τ
∣∣∣∣∣∑j biζ ,η (r;τ)
∣∣∣∣∣
2
(20)
Pi,η is a joint probability starting in initial state i and dis-
sociation at electronic state η . Note that the wavefunction is
normalized with Boltzmann coefficients. The first summation,
over the quantum number j, is due to the coherence between
different components of a given initial thermal state.
Asymptotically the total dissociation probability is equal to
the missing probability at the ground state, this was been ver-
ified for consistently.
The momentum angular distribution is proportional to the
experimental velocity distribution. The calculation requires to
change the representation from the radial degree of freedom
to the corresponding momentum, the change is done by us-
ing Fourier transform. Additionally, each rotational state is
explicitly written in the angular variables.
ψ˜i
(
p,θ ,φ ; t = t f inal
)
=
∑
η ,ζ
∑
τ
b˜iζ ,η (p;τ) · |η〉 ·D jm,Ω (θ ,φ) (21)
It is important to notice that in the momentum representation,
there is a relative phase between different virtual time parts,
τ .
The distribution of each virtual surface and initial state is
calculated as follows:
Di,η (p,θ ,φ) = ∑
m,Ω
∣∣∣∣∣∑j
(
∑
τ
b˜iζ ,η (p;τ)
)
·D jm,Ω (θ ,φ)
∣∣∣∣∣
2
(22)
The summation over j is a quantum summation and conserve
phases, due to the coherence between different values that
generate during the dynamic. In contrary, the summation over
m and Ω are classical since there are no physical coherences
between different values.
D (p,θ) =∫
dφ∑
i
∑
m,Ω,η
∣∣∣∣∣∑j
(
∑
τ
b˜iζ ,η (p;τ)
)
·D jm,Ω (θ ,φ)
∣∣∣∣∣
2
(23)
We integrate over φ since there is no dependency on this an-
gle.
The quantum kinetic energy is calculated as
T =
∫ ∞
0
d p
∫ 2pi
0
dθ
p2
2µ
D (p,θ) (24)
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